Amongst the most important and frequently used fibre devices, fibre Bragg and long-period gratings are conventionally fabricated by low-intensity (I < 10 7 W cm −2
Introduction
This section of the review contains the reference data on typical fibres, describes some material, optical and spectral properties of the main fibre constituents, namely, pure and Ge-doped fused silica, and gives the classification of single-and multiquantum pathways of fibre photoexcitation. In addition, the methods of fibre grating fabrication are discussed together with the basic engineering formula, considering induced refractive index.
Parameters of typical fibres
In order to compare the properties of fibre Bragg and longperiod gratings prepared by conventional and multi-photon approaches, we will take a closer look at the three most common fibres; one widely used for telecommunications (SMF-28), the second, photosensitive (PS 1250/1500), finds its application in fibre grating inscription and the third, the so-called photonic crystal fibre (ESM-12-01), is made from pure fused silica with transverse longitudinal holes and is on the cutting edge of fibre optics technology. Note. The PS 1500 Fibercore fibre is a predecessor of the PS 1250/1500 Fibercore fibre and they both have similar properties. 5. Numerical aperture 0.12-0.14 [8] .
6. Attenuation at 1550 µm ∼0.3 dB km −1 [9] .
See table 1 for some parameters of other Ge/B-coupled fibres.
Endlessly single mode photonic crystal (also microstructured or holey) fibre ESM-12-01 from Blaze Photonics (now Crystal
Fibre A/S), see figure 2. Note. UV absorption depends in a complicated way on Ge doping; some other factors, i.e. the fibre fabrication technology, should be taken into account. In [25] the linear relationship between the absorption coefficient in the maximum of the 242 nm Ge defect band and the value of Ge doping was demonstrated. The data for the absorption coefficient of the 5 eV band in 10 mol% Ge-doped fused silica at 242 nm given in three subsequent publications [26] [27] [28] are contradictory to each other and strongly underestimated (by 3-10 times as compared to other works).
Some material, spectral and optical properties of pure and Ge-doped fused silica
Various properties of these materials are shown in tables 2-6 and figures 3 and 4. The refractive index equation (dispersion relation or Sellmeier formulae) for pure and Ge-doped fused silica is given by Table 6 . Three-photon absorption coefficients of cladding and core constituents in a standard telecommunication fibre at 352 nm [34] . Pure fused silica Suprasil 300 Figure 4 . Refractive index dispersion for pure [2] and Ge-doped [17] fused silica.
where λ is in µm and the coefficients A i and B i are given in table 7 . Sellmaier coefficients, band-gap energies and quantum energy values are listed in tables 7-9.
Single-, two-and multi-quantum photoexcitation processes
Classical conventional photochemistry [39] deals with single-quantum (or single-photon) photoreactions, which means that photochemical reactions in the irradiated molecules are initiated by the absorption of a single light quantum ( figure 5(a) ).
At standard low-intensity irradiation, the probability of the absorption of two or more light quanta is negligible [39] . The first two-quantum (more precisely, two-step, see below) photoreaction was realized in 1970, using the frozen molecule Table 7 . Sellmeier coefficients for pure and Ge-doped fused silica [35, 36] . Data from [35] given in the upper row are for the 0.2-3.7 µm range, all other data are for the 0.4-2.1 µm wavelength range. in the excited triplet state [40] . The lifetime of such a molecule is very long, about 1 ms, therefore, it was possible to realize a two-quantum absorption by applying pulse radiation of a relatively low-intensity light source (mercury lamp). With the invention of high-intensity laser sources, the occurrence of multi-quantum photoreactions became more frequent. The simplest multi-quantum photoreactions are the two-quantum ones; we will distinguish between the so-called two-step photoreactions (or 'consecutive biphotonic' in old terminology [41] , figure 5(b)) and the two-photon photoreactions (figure 5(c)). The difference between them lies in the nature of the intermediate state, which is real in the case of twostep photoreactions and virtual in the case of two-photon ones. The necessary condition for the realization of two-step photoreaction is the accumulation of a significant portion of all the irradiated molecules in this intermediate state (or, using laser physics terminology, the saturation of the transition from the ground state to the intermediate level). The sufficient condition is the superiority of the excitation rate from the intermediate level above the total rate of deactivation of this level, which includes non-radiative (internal conversion) or radiative (fluorescence or phosphorescence) processes, energy transfer to the triplet state (intersystem crossing), and/or the participation in different photochemical reactions from this intermediate state ( figure 6 , see also [42] ). To fulfil both conditions, i.e. to force a significant number of already excited molecules (at the intermediate level) to absorb the second light quantum, one should apply laser radiation with a rather high intensity (typically, . While in the case of a two-step photoprocess, the second quantum should be absorbed during the lifetime of the excited molecule at the intermediate level, for the realization of a two-photon photoprocess, the simultaneous action of two light quanta is essential; in other words, the irradiated molecule gets excited only after the simultaneous absorption of two photons. Therefore, even more intensive laser radiation is needed for the realization of a two-photon process (typically, 10 9 -10 11 W cm −2 ). That is why the two-photon absorption processes, theoretically predicted in 1931 [43] , were experimentally observed only in 1961 [44] .
Ge (mol%)
Both two-step and two-photon photoreactions are characterized by the square dependence of the final photoproduct on the irradiation intensity. The same R4 Figure 6 . Simplified scheme of low-lying singlet (S 1 ) and triplet (T 1 ) excited electronic states and the routes of deactivation of the excitation energy. Designations: S 0 is the ground state; σ 1 , σ 2 , and σ T 2 are the absorption cross-sections from the levels S 0 , S 1 and T 1 , respectively; τ fl and τ phos are fluorescence and phosphorescence lifetimes; τ isc is the lifetime of intersystem crossing, τ ic and τ T ic are the internal conversion lifetimes from the levels S 1 and T 1 , respectively; and τ chem and τ dependence could also be valid in the case of so-called two-stage single-quantum photoreactions, when the resulting single-quantum photoproduct again absorbs a photon. However, such two-stage photoreactions are improbable for the short laser pulses with nanosecond and picosecond time duration that are considered in this review.
There are some classical methods to distinguish the twoquantum photoreactions from the single-quantum ones. The simplest is to plot the yield of the photoreaction (number of photoproducts) versus the irradiation intensity in double logarithmic scale (see, e.g., [45] ). Then as it follows from elementary mathematical considerations
where A and B are constants, the single-quantum photoprocess in double logarithmic scale will possess a slope equal to 1 while the two-quantum photoprocess should have a slope equal to 2 (figure 7), which allows easy discrimination between these two cases. Besides two-photon, there are three-and more quantum photoreactions. Such reactions require even higher levels of laser radiation intensity for their occurrence. 
Fibre gratings, methods of their fabrication and basic engineering formula
1.4.1. Definitions. Fibre gratings are simply the areas in a fibre core (sometimes, and/or in the fibre cladding) with a periodically-changed refractive index. These changes usually have the same period along the grating length (uniform gratings which are to be considered in this review). This period could be rather small (∼500 nm) for so-called fibre Bragg gratings (FBGs), or rather large (200-600 µm) when recording socalled long-period fibre gratings (LPFGs). The period of the gratings is also connected with their length; the length of FBGs is usually below 1 cm, while LPFGs are longer, from 2 to 6 cm. The two types of gratings possess different properties. While fibre Bragg gratings reflect the incident light with transmission losses up to 50 dB or even higher (their other name is retroreflective gratings), LPFGs are only inserting losses in the transmission (their other name is transmission gratings). In other words, FBGs and LPFGs are the fibre analogues of mirrors and filters in classical optics (figure 8).
Fabrication methods.
The most common method of FBG fabrication is photochemical UV inscription using a phase-mask (phase-mask technique, figures 9(a) and (b)) [47] .
The UV light beam passing through the phase mask distributes most of its energy to the ±1 diffraction orders (there is practically no diffraction in the 0 order, which is achieved by a careful control of the depth of the grating etched onto the silica substrate). These two beams, corresponding to the ±1 diffraction orders, interfere and produce a fringe pattern of period grat , which is equal to 1/2 of the etched grating period ( PM ). The fibre is placed behind the phase mask within the region of the two-beam interference picture. The growth of the FBG during the inscription is controlled by continuous monitoring of the light passing through the fibre grating.
A modification of this technique includes a transverse motion of the phase mask/fibre system (scanning mask technique [48, 49] ). Such an improvement allows the production of FBGs with a much longer length, significantly increasing the grating strength (reflectivity). Besides this, in some cases, it makes possible the use of the central, most uniform, part of the laser beam for the inscription, thus improving the quality of the gratings.
Long-period fibre gratings are conventionally produced photochemically by the point-by-point method (step-by-step technique, figures 10(a) and (b)) [50] .
The idea of this method is very simple: a fibre is irradiated by UV light through a slit of size equal to half the LPFG period ( LPFG /2), then the fibre is moved in the transverse direction a distance equal to the LPFG period ( LPFG ), then the process is repeated until the inscription of the necessary number of 'grooves' corresponding to the selected LPFG length
where m is the number of grooves.
In [51] , the point-by-point technique was applied to FBG inscription. As the size of the laser beam in the focal plane significantly exceeded the value of the first-order period (0.535 µm, see below), only FBGs operating with second-and third-order periods were reported.
Basic engineering formula.
The retro-reflective effect of FBGs is based on the fulfilment of the phase-matching . Induced effective refractive index, n eff , and refractive index modulation, n mod , inside a 3 mm long FBG with a resonance wavelength of 1.55 µm inscribed within the core of a telecom fibre (from [9] , modified).
condition at a special wavelength between the incident and reflected core-guided modes. In the simplest case (first-order grating) this Bragg condition reduces to [9] λ res = 2n eff grat = n eff PM ,
where λ res is the resonance wavelength, n eff is the effective refractive index of the core (figure 11), grat is the period of the FBG, PM is the corresponding period (pitch) of the phase mask. Therefore, for the telecommunication resonance wavelength of 1.55 µm and for the refractive index for SMF-28 fibre core of 1.45 a phase mask of 1.070 µm pitch is needed. The reflectivity of a uniform FBG is determined by the refractive index modulation (figure 11) [52, 53] :
where κ is the coupling coefficient, L is the grating length, n mod is the induced refractive index modulation, η is the mode overlap parameter (the overlap of the guided mode and a fibre core, η < 1), and λ res is the resonance (operation) wavelength. The grating strength R (or transmission loss value T = 1 − R) monotonically increases (decreases) with the rise of the refractive index modulation. From (6) it is easy to deduce the expression for the refractive index modulation n mod
The effective refractive index change n eff is related to the shift of the resonance (operation) wavelength [9] :
In some early and later works (see, e.g., [54] [55] [56] [57] [58] [59] ) expressions (7) and (8) are given with the parameter η = 1, which probably doesn't bring about much difference as this parameter is close to unity. The parameter η can be estimated from the expression [60] :
where d is the core diameter and K is the numerical aperture of the fibre. Using the parameters of SMF-28 and Fibercore PS 1250/1500 fibres, given above (section 1.1), it is easy to show that, for these two fibres at 1.55 µm wavelength, this parameter is equal to 0.84 and 0.77, respectively. The filtering properties of LPFGs are explained by the phase-matching condition between core-guided and claddingguided modes; due to this, the light energy propagating along the core transfers to the cladding, thus creating a transmission loss at a certain resonance wavelength
where λ res is the resonance coupling wavelength, n core eff and n clad eff are effective refractive indices of the fundamental core mode and one of the forward-propagating cladding modes, LPFG is the LPFG period. As the effective index of the cladding mode is determined by external conditions, such as temperature, pressure, ambient refractive index, this circumstance explains the high sensitivity of LPFG spectra to these factors, i.e. the sensing properties of LPFG. A simplified theory of LPFG inscription (in the approximation of centre-symmetric gratings, see, e.g., [61] ) gives the following expression for the transmission minimum (maximum of transmission loss) of a LPFG resonance peak
where κ is the coupling coefficient, L is the grating length, n core is the induced change in core-mode effective index, I is the overlap integral, and λ res is the resonance wavelength. It follows that the first maximum of the LPFG resonance peak corresponds to
Therefore, when the coupling coefficient increases (e.g. at UV irradiation, see below) the LPFG grating strength first grows until the maximum is reached and then declines due to overcoupling. For a detailed theory of LPFGs refer to [52] ; a more concise presentation is given in [62] . Typical sensing applications of LPFG are thoroughly discussed in [63] .
2. FBG and LPFG fabrication via single-quantum low-energy UV excitation of germanosilicate fibre core
Mechanisms involved in the conventional UV approach to fibre grating inscription
The photochemical basis of low-intensity grating inscription is connected with the induction of permanent refractive index changes in fibre core by UV irradiation with the wavelength coinciding with the 5.12 eV absorption band of germanium oxygen-deficient centres (with maximum at 242 nm, see figure 3 ). Most common is the use of the second harmonic of a continuous wave (CW) argon ion laser (244 nm) or a pulsed (nanosecond) KrF excimer laser light (248 nm), though the applications of other wavelengths such as 266 nm (fourth harmonic of Nd:YAG laser), 255 and 271 nm (copper vapour laser), 240 nm (second harmonic of nanosecond dye laser), etc, have been reported (see references from [9, 46] ). At the moment there are two models of fibre photosensitivity (creation of refractive index changes at low-intensity UV excitation). The first, the so-called colour-centre model [64] , considers that the UV exposure of the 5.12 eV band brings about the release of photoelectrons, which become trapped in neighbouring sites, thus creating new colour centres. The following modification of the UV absorption spectrum of the germanosilicate glass leads to refractive index modification at longer wavelengths. Unfortunately, this model was found to fail in the correct estimation of the induced index changes (it gave an underestimated value), therefore, another reason for the photosensitivity was looked for. In 1995, a strong tension increase was observed in a germanosilicate fibre core by UV laser light [65] , which was linearly proportional to the refractive index modulation. Although it is known that an increase in tension lowers the refractive index through the photoelastic effect, nevertheless, in the experiment only an overall positive index change occurred. The proposed densification model [66] considers structural changes to more compact configurations as an important component of fibre photosensitivity. The UV-induced increase of the refractive index in fibre core, due to both colour-centre and compaction effects, is believed to exceed the decrease caused by the photoelastic effect. The amount of each contribution might vary strongly as a function of fibre content, pre-irradiation treatment and irradiation wavelength. Two major methods of increasing the fibre photosensitivity are widely used in fibre grating technology: the loading of the fibre by molecular hydrogen at elevated temperatures (up to ∼100
• C) and/or high pressure (∼100 atm in laboratory conditions [67] and up to 2000 atm in industry); and the inclusion of boron in the fibre core (B codoping) [14] .
The irradiation of Ge-doped fibre core at 193 nm (ArF nanosecond excimer laser) brings to excitation the tail of the 160 nm (7.75 eV) vacuum-UV band of fused silica (cf figure 3) . The induction of refractive index change in Ge-doped fused silica at this wavelength is more effective (in comparison with 248 nm irradiation) but faster to saturate [68] .
Another absorption band of germanium oxygen-deficient centres (related to their triplet absorption) lies in the near UV at 330 nm (3.75 eV). In [69] it was shown that while for H 2 -free germanosilicate fibres, the excitation of this band brings about the excitation of germanium defects in the triplet state, for H 2 -loaded fibres the photosensitivity pathway for near-UV light is connected with the absorption in the tail of the fundamental band of germanosilicate glass. The excited Ge-O bond then reacts with the molecular hydrogen to form the GeE centres. [72] ; however, in this case, the limit was already reached at pulse fluence of 0.9 J cm −2 . Authors of [71] reported that the germanosilicate core used in the experiment was 4 µm in diameter and had an absorption coefficient of 690 cm
Types of gratings
; therefore, ∼25% of the pulse energy was absorbed in this little volume, causing heating up to several thousand degrees Celsius. This brought about the creation of FBGs with very high reflectivities and high bandwidths. A remarkable property of type II gratings is their high temperature stability. At temperatures below 800
• C, the Bragg grating inscribed by a 40 mJ pulse was stable over 24 h, whereas the grating prepared by a 30 mJ pulse was erased within seconds at 450
• C [72] . (c) Type IIA gratings are common for fibres with a high level of Ge-doping (20 mol% or more) without H 2 -loading (hydrogenation suppresses this effect). A third condition is a rather high total accumulated fluence at 248 nm, of the order of tens of kJ cm −2 or more, as a type IIA grating follows the formation of a type I grating. Typical examples are given in [73, 74] , where the growth of both n mod and n eff saturates and starts to decrease (first n mod and later n eff ) due to the appearance of a type IIA grating with a negative effective index change. (d) Type IA gratings were proposed quite recently [75] . They exist for both high-Ge-doped and standard telecom fibres, but in the presence of hydrogenation. Again, a rather long (but CW) exposure is needed, and again, first a type I grating appears, after that it is erased and is replaced by a type IA grating after 2-4 h exposure to 60 mW CW 244 nm radiation with total energy ∼200-400 J. Type IA FBGs possess the lowest temperature sensitivity value (see the definition below) of all the reported types of grating, which is important for sensing applications. Note. In [79] , the standard telecom fibre with 4 mol% Ge was used.
Summarizing, type I gratings are easy to fabricate, they are very reproducible and reliable, though they have some disadvantages such as relatively low thermal stability.
The thermostability of type I Bragg gratings recorded in H 2 -loaded and H 2 -free SMF-28 fibres was characterized by the isochronal annealing approach [76] . Figure 12 contains the data on the normalized refractive index modulation versus the annealing temperature taken from [56, 77] . It follows that a 50% decrease of the normalized n mod is reached at 400
• C and 650
• C for the hydrogenated and the H 2 -free SMF-28 fibres, respectively. The thermostability of the Ge/B-codoped fibre is even worse [78] . Tables 10 and 11 contain the literature data on refractive index modulation values achieved in H 2 -loaded SMF-28 and H 2 -free Ge/B-codoped fibres while inscribing FBGs with different UV laser sources. Tables 12 and 13 bring together the data on achieved grating strength (reflectivity or transmission loss maximum) for FBGs recorded in the same fibres.
The next two tables present the data obtained in inscription experiments using near-UV radiation. In Note. The grating strength values given in the lower 3 rows probably correspond to the limit of the sensitivity of the measuring apparatus.
Temperature properties of fibre gratings prepared by the conventional UV approach
The temperature sensitivity of a fibre grating (the shift of the reflectivity or transmission loss peak with temperature) is one of the most important parameters used in sensing applications. Usually in LPFGs, this parameter is about an order more than in FBGs. Besides, in LPFGs the temperature sensitivity is determined mainly by the material parameters of the fibre, which can be changed by using different fibres, choosing a different grating period or dopant concentration(s), etc. Tables 16-19 bring together the data scattered in the literature.
Non-photochemical methods of long-period fibre grating inscription
All the methods of fibre grating inscription discussed so far are photochemical ones based on single-quantum excitation of the UV absorption bands (usually, 5.1 eV) of germanium oxygendeficient centres in the fibre core. Therefore, the resulting gratings are located in the fibre core and bear axial symmetry relative to the fibre axis (cf figure 1). Note. In [48] hydrogenated fibre was used. The intensity and the fluence values in [48] were estimated taking the UV beam diameter to be equal to 1 mm [9] . At the end of the 1990s, along with the standard photochemical inscription techniques, the so-called nonphotochemical methods of LPFG fabrication started to come into use. As grating recording is associated with a regular change of refractive index, in principle, any method leading to the same effect could be used for grating inscription. At the moment, the most popular non-photochemical techniques are CO 2 -laser irradiation [93] [94] [95] [96] ; the impact of an electric arc [97] [98] [99] [100] ; or mechanical pressure/strain [101] [102] [103] , which use heating or tension or both agents together for the creation of the refractive index change. Some general characteristic features should be emphasized: (a) As there is still no phase mask available for CO 2 laser light, no FBGs can be recorded by the phase mask technique. The area of refractive index changes in fibres caused by an arc discharge or by mechanical pressure is of the order of 100 × 100 µm 2 [98, 103] . It follows that FBG fabrication by the latter two methods is also impossible. Therefore, until now, only LPFGs have been inscribed by non-photochemical methods. Typical examples of the obtained experimental grating strength and temperature sensitivity values are gathered in table 20. (b) All three mentioned methods are connected with energy deposition in the fibre cladding and due to cylindrically asymmetric light absorption (figure 13), discharge or strain pattern the resulting gratings are highly asymmetric relative to the fibre axis. The latter circumstance gives rise to significant polarization-dependent losses in these gratings (see section 2.6). 
Long-period fibre grating recording in photonic crystal fibres
In 2002, the first LPFG in a photonic crystal fibre was fabricated using CW CO 2 laser irradiation [104] . This method, developed in [105] [106] [107] , together with the electric arc approach [108] [109] [110] [111] [112] , are the main techniques for longperiod grating inscription in holey fibres. The possibility of using mechanical pressure for this purpose was demonstrated in [113] . However, until now there were no reports on LPFG recording in microstructured fibres by any photochemical method.
The temperature sensitivity properties of LPFGs fabricated in photonic crystal fibres are gathered together in table 21 .
Comparison with the data from table 20 shows that LPFGs recorded in holey fibres possess 6-8 times smaller values of the temperature sensitivity than LPFGs written in a standard H 2 -free SMF-28 fibre. In [110, 113] , another peculiarity of long-period grating inscription in photonic crystal fibres was observed; namely, the LPFG resonance wavelength decreases with an increase in the grating period. This observation is contrary to the conventional step-index fibre case where the LPFG resonance wavelength increases with an increase in the grating period.
Polarization properties of FBGs and LPFGs
Birefringence in optical fibres could be intrinsic (in the case of the so-called polarization maintaining or highly birefringent fibres) and could also be induced during the photoinscription process [114] in a result of UV laser beam polarization and geometric asymmetry of the grating inscription process relative to the fibre axis. The photo-induced birefringence causes the asymmetric index change, which should be more pronounced in the case of non-photochemical long-period gratings, especially written by 'two-side' exposure (using electric arc or mechanical pressure). Tables 22 and 23 compile Note. The temperature sensitivity in [98, 99] and [100] is given for temperature ranges of 20-200, 30-160 and 20-120
• C, respectively. [101] together the data on PDL (polarization-dependent losses [115] ) in FBGs and LPFGs.
3. Single-quantum and two-step high-excitation-energy recording of fibre gratings
Single-quantum high-excitation-energy vacuum UV inscription of long-period fibre gratings
Though historically the first high-excitation-energy experiment on fibre grating inscription was fulfilled via two-step excitation in 1995 (see below), we will start with the discussion of the single-quantum vacuum UV (VUV) approach realized in 2000 by a group of Canadian scientists [3, 32, 123] . They used a 157 nm 15 ns F 2 excimer laser source that produced VUV quanta with an energy value of 7.9 eV. The 157 nm photons easily bridge the 7.1 eV bandgap of 5 mol% Ge-doped fused silica (table 8) and, therefore, they can be used for direct single-photon excitation to the conduction band. The advantage of this approach in comparison with other high-excitation-energy methods is in its simplicity, as practically every optical material possesses absorption in the VUV region and direct irradiation immediately brings about numerous photochemical reactions, including those leading to the creation of refractive index changes. However, this circumstance could also be very inconvenient since vacuum UV light is absorbed by air and other optical elements made of Note. In the case of combined irradiation, the intensity and the fluence data, mentioned in the third and fourth columns, refer to the 157 nm light. fused silica, e.g. phase mask (until now, no FBGs were written by vacuum UV light). Besides, it also leads to a strongly asymmetric profile of the induced index change. Table 24 compiles the data of 1/e penetration depth during VUV irradiation for different UV fibre materials with or without hydrogen loading. The observed peculiarity is socalled shrinking penetration (decrease of penetration depth versus the irradiation fluence), which points to a nonuniform modification of both the absorption and the refractive index.
In [3] , the effective refractive index changes induced in H 2 -free and H 2 -loaded SMF-28 fibres by 157 nm light were measured using FBGs previously fabricated by 248 nm nanosecond irradiation. Table 25 gives the comparison between the refractive index change values achieved in a standard telecommunication fibre, SMF-28, by the combined 248 nm + 157 nm irradiation, and by using the conventional 248 nm inscription approach. It follows that high-excitation energy brings about a decrease in the necessary irradiation fluence with a simultaneous rise in the effective refractive index.
Finally, table 26 displays the results on LPFG fabrication in SMF-28 fibre at VUV irradiation and their comparison with the conventional 248 nm approach. The high value of refractive index change allowed the first observation of the LPFG transmission loss peak growth during the inscription, until it reached a maximum, followed by a subsequent decrease (due to overcoupling) practically to zero [32, 123] ( figure 14) .
The authors reported the involvement of densification in the photosensitivity mechanism. They also claimed to have recorded the strongest LPFG (17 dB) in H 2 -free telecom fibre [32] . 
Two-step fibre Bragg grating inscription at 193 nm
In [77, 124] , FBG inscription in a standard germanosilicate fibre (SMF-28) by 193 nm nanosecond pulses (from excimer ArF laser, pulse fluences in the region 100-660 mJ cm −2 ) was demonstrated. The pulse duration was not reported; however, for intensity estimation of pulses in [77, 124] we can use the duration 14 ns, which was reported by the same authors for the ArF laser four years later [125] . This gives an interval of intensities of 7-47 MW cm −2 . In [77] , while discussing the origin of the observed nonlinear (quadratic) dependence of the refractive index modulation in unloaded SMF-28 on irradiation fluence ( figure 15 ) the authors referred to it as a two-photon excitation process (through the virtual intermediate state). However, if we compare the two-photon absorption of a fibre core material with the linear one (using for the estimations the two-photon absorption coefficient for 3.5 mol% Ge-doped fused silica, recently measured at 211 nm, β 211 = 161 × 10 −11 cm W −1 [30] and the simple theory for two-photon absorption of the top-flat pulse, taken, for example, from the same source [30] ), then it is easy to show that the product βI is equal to 0.076 cm −1 even for the highest intensity value of 47 MW cm −2 , used in [77, 124] , which is much lower than any of the experimental α values at 193 nm (α < 8.7 cm −1 , as given in [126] , or α = 14.8 cm −1 , according to our measurements [30] ). Therefore, the proposed two-photon excitation mechanism is not valid in this case.
Meanwhile, the irradiation intensity values, used in [77, 124] , correspond very well to the typical values characteristic of the two-step excitation process (through the real intermediate state). Indeed, if we consider a simple twolevel excitation scheme (S 0 → S 1 ) with the lifetime τ 1 of upper level S 1 (on the assumption that the lifetime τ 1 of the irradiated molecule in the excited state S 1 is less than the laser pulse duration τ p ), then the saturation of the upper level will be reached at an intensity [127] 
where hν is the energy of a light quantum, σ the absorption cross-section of germanosilicate glass at 193 nm, N is the concentration of germanium oxygen deficient centres and α the linear absorption coefficient of germanosilicate glass at 193 nm. Substituting the experimental data τ 1 = 4.7 ns [128] , N = 1.2 × 10 18 cm −3 [129] and α = 14.8 cm −1 [30] (the first value does not change in the Ge molar concentration range 1-8% [128, 129] , whereas the last two values correspond to slightly different values of Ge-doping, 5 mol% and 3.5 mol%, correspondingly, which are near to the germanium concentration value in the core of the SMF-28 fibre, 3 mol%), we get the estimate for the saturation intensity I sat = 18 MW cm −2 . If we take into account the other possible mechanisms for depopulating the excited singlet state (intersystem crossing, transfer to the higher excited state, fluorescence, photochemical reactions, etc; cf figure 6), the value for the saturation would grow but by no more than double. If we correlate the saturation of the two-step processes in the germanium oxygen deficient centres with the triplet states, the corresponding value of saturation intensity will be slightly lower.
Another argument in favour of two-step photoprocesses being involved in FBG inscription in low-germanium fibre at 193 nm irradiation was received later in [130] . In this study the refractive index modulation at 193 nm irradiation was investigated in two fibres, one standard and the other defect-free (without the usual 5 eV band) with a higher linear absorption for the standard fibre at 193 nm), and it was demonstrated that at an irradiation intensity of 14 MW cm −2 the standard fibre gives twice as much refractive index modulation, whereas at 25 MW cm −2 both fibres show very similar results. This could be interpreted as the involved photochemical processes being a mixture of singlequantum and two-step photoreactions, and near the saturation intensity the relative yield of the involved single-quantum photoreactions decreases while that of two-step photoreactions increases. It follows that the saturation intensity value lies near the region 14-25 MW cm −2 , which agrees with the estimations of the saturation intensity value made above.
Summarizing, all of the above-said testifies to the two-step mechanism in the case of 193 nm FBG inscription in SMF-28 fibre, studied in [77, 124] .
In [77] the authors also investigated the FBG inscription in highly-doped germanium fibre Alcatel bend insensitive, with 8 mol% Ge doping. They found a linear dependence of refractive index modulation yield on the irradiation intensity ( figure 15 ). The isochronal thermal erasure kinetics studies indicated a similarity of the photoproducts formed in the cases of low (3 mol%) and high (8 mol%) Ge-doping values. In contrast, it was found that though the initial index modulation growth is much higher in high Ge-doped fibre (by more than an order of magnitude at an irradiation intensity of 13 MW cm −2 ), the final refractive index modulation is about three times less than in the case of low-germanium SMF-28 fibre. Such behaviour could be easily explained by a more pronounced role of single-quantum photoreactions in the case of highly-doped germanium fibre. The authors of [77] claim that the Alcatel fibre, used in their work, possesses a linear absorption coefficient of 152 cm −1 at 193 nm, which together with photoproduct absorption causes a strong decrease of intensity even at the core diameter distance and hence the decline of the two-step excitation pathway.
As a result of the two-step 193 nm excitation of the SMF-28 fibre, the core material (3 mol% Ge-doped SiO 2 ) absorbs two UV quanta sequentially, acquiring a total energy of 12.8 eV. The demonstrated grating strength value of a 193 nm recorded FBG in a H 2 -free fibre was 9 dB for a 0.95 mm long grating [124] . The incident irradiation intensity and the total accumulated incident fluence were 47 MW cm −2 and 58.5 kJ cm −2 , respectively. Table 27 brings together the refractive index modulation values measured in 193 nm inscription experiments with both hydrogen-free and hydrogen-loaded SMF-28 fibre [56, 77, 124] with the data observed in experiments with a 248 nm laser source. It follows that 193 nm FBG fabrication in H 2 -loaded SMF-28 significantly overcomes in efficiency both the conventional 248 nm approach. 
The negligible role of the two-step mechanism in 248 nm FBG inscription
Concerning the common 248 nm fabrication approach utilizing nanosecond excimer KrF laser, we should emphasize that as most of the photophysical parameters in Ge-doped silica are of the same magnitude at 248 and 193 nm, we could expect that the two-step absorption mechanism of Bragg grating inscription could also be valid for the conventional KrF laser irradiation in the intensity range 15-47 MW cm
. The recent discovery by a Japanese group [131] of a two-quantum (two-step!) formation mechanism for Ge electron centres (precursors of Ge defect centres) in 10 mol% germanosilicate glass at both 193 and 248 nm nanosecond irradiation testifies in favour of such an assumption. But as 248 nm light coincides with the germanium defect absorption band maximum, some peculiarities of grating inscription by KrF excimer laser radiation should be outlined:
1. As the Bragg grating fabrication can be done by CW light irradiation (e.g., at 244 nm), with 248 nm light at standard intensities of 8-40 MW cm −2 (table 10) the fabrication process is based, at least partly, on singlequantum excitation. 2. As the absorption of the Ge dopant is much higher at 248 nm than at 193 nm (table 5) , the UV light passing through the fibre core quickly loses its intensity; therefore, the participation of linear (single-quantum) absorption processes is more dominant. 3. The role of two-step photoreactions would be more pronounced for standard low-Ge telecom fibres and much less pronounced for high-Ge fibres. The results presented in [77] , respectively), possess practically identical isochronal thermal erasure curves, which testifies to the similarity of the proceeding photochemical reactions. As the FBG recording in this fibre by nanosecond 193 nm pulses was proven to proceed by a single-quantum mechanism (figure 15), it follows that the same mechanism is probably valid for this fibre at 248 nm inscription. In [132] , while irradiating the germanium step-index fibre with n = 0.02 at 248 nm, the rise of the irradiation intensity by six times, from 2.5 to 15 MW cm −2 , led to an increase in the refractive index modulation by only 1.5 times. 4. Concerning 248 nm Bragg grating inscription in low-Ge telecom fibres, the same conclusion can be made for a standard hydrogenated SMF-28 fibre. From Summarizing, all of the above-said testifies to a predominantly single-quantum FBG inscription mechanism at 248 nm in SMF-28 fibre, or in any fibre with a higher Gecontent, at irradiation intensities up to 40 MW cm 
Multi-photon high-excitation-energy UV and IR fibre grating inscription

Brief historical sketch
The first attempt to use the multi-photon approach to LPFG inscription was made in 1999 [133] . The tightly focused (I = 2 × 10 14 MW cm
) radiation of a femtosecond (120 fs) Ti:sapphire laser (λ = 800 nm) was directed into the core of a standard H 2 -free telecom fibre. Though the observed LPFG transmission spectrum was far from being perfect (it had a complicated structure, the absence of a regular mode sequence, and a very high level of outband losses), it nevertheless revealed remarkable thermal stability of the recorded gratings. The induced refractive index change did not change at all on annealing below 600
• C (cf figure 12) . The next study published in 2001 [134] was devoted to the LPFG fabrication in H 2 -loaded 4.5 mol% Ge-doped fibre by the second harmonic of femtosecond (60 fs) Ti:sapphire laser radiation (λ = 400 nm). The three-photon mechanism of grating inscription (cf table 9) was probably valid in this case. Again the transmission loss spectrum was complicated, containing doublets of the resonance peaks. However, the recorded gratings possessed much lower thermal stability in comparison with LPFGs recorded at 800 nm.
Though IR (800 nm) femtosecond LPFG fabrication was greatly improved in recent years [135, 136] , a much greater development came in the method of LPFG recording by femtosecond (220-250 fs) UV (264 or 211 nm) radiation [19, 30, [137] [138] [139] [140] , which is based on two-photon absorption (TPA) [141] . The latter method does not require tight focusing and uses much lower inscribing intensity values (below 500 GW cm −2 ), which greatly facilitates the optimization of the irradiation conditions. Very recently, LPFG inscription by three-photon 352 nm femtosecond excitation was demonstrated [34, 142] . Below, a thorough comparison between the existing multi-photon methods of LPFG inscription will be made.
The first FBG fabrications in a standard telecom fibre utilizing a phase mask and multi-photon IR or two-photon UV excitation were reported in 2003 [143, 144] . Both these directions belong to novel and emerging technologies that have been gaining strength over the last three years. Quite recently, the multi-photon approach was successfully used for pointby-point FBG inscription [145, 146] , for point-by-point FBG fabrication through the fibre polymer jacket [147] , and for grating recording in holey fibres [148] .
Two-photon 264 nm (267 nm) high-excitation-energy FBG fabrication in telecom and silica-core fibres
Though Bragg grating inscription using femtosecond 264 nm (or 267 nm) laser light was demonstrated in a number of fibres (including Ge/B-codoped fibre [60] , Ge/Sn-codoped fibre [149] , Ge-rich fibres (>20 mol% Ge) [149, 150] , fibres with medium Ge-content [144, 60] , etc), here we will consider only standard telecom fibres and fibres with pure silica cores, i.e. fibres with low (or no) Ge content (<4 mol% Ge) [60, 144, 151] . The reason being that two-photon excitation is only valid for such fibres, while for all highly-doped germanium cores the inscription process is linear with intensity (see discussion below).
Two-photon mechanism in the case of standard telecom or silica-core fibres.
In [60, 144] it was found that the slope of the dependence of the refractive index modulation versus the fluence of 264 nm femtosecond radiation is proportional to the radiation intensity ( n mod /E inc ∼ I), this means that the induced refractive index modulation itself is quadratic with intensity ( n mod ∼ I 2 ) testifying to the two-quantum character of the inscription process ( figure 16 ).
In order to calculate the fraction of incident fluence, absorbed by linear and two-photon absorption in the cladding/ core material, we will use the elementary equations (14) and (15) for the fixed-field approximation, given in [30] :
where E inc is the incident fluence, I inc is the incident intensity, α is the linear absorption coefficient of cladding/core material, β is the two-photon absorption coefficient of cladding/core material, and L is the length of cladding/core layer. We will also assume a rectangular shape for the laser pulse. Using the data on linear and two-photon absorption coefficients presented in table 5 above and the geometrical parameters of SMF-28 given in section 1.1, it is easy to show that at highintensity (240 GW cm −2 ) 264 nm irradiation the fibre cladding absorbs only 2.4% of the incident light energy (by the twophoton absorption mechanism), while the fibre core absorbs 8.5% of the light energy entering the core (8.3% by two-photon absorption and 0.2% by linear absorption). Therefore, we can ignore the linear absorption (and hence the two-step excitation process) in the fibre core of SMF-28, and consider the FBG inscription process in the core of SMF-28 fibre as a solely two-photon one (corresponding to figure 5(c) ).
Concerning a pure silica core fibre, it is clear that its band-gap energy value is 9.3 eV (table 8), which could be bridged only by two 264 nm (or 267 nm) quanta (table 9). The two-photon mechanism in this case is obvious.
Absence of two-photon mechanism in the case of a photosensitive fibre.
Recently, in my laboratory, we have investigated the refractive index modulation dependence versus the fluence of 264 nm femtosecond light for different irradiation intensities in the case of a photosensitive Ge/B-codoped fibre and have shown that the slope of this dependence ( n mod /E inc ) is practically constant over 50-200 GW cm −2 range (figure 17), which means that the induced refractive index modulation is linear with intensity ( n mod ∼ I) testifying to the single-quantum character of the inscription process. This is due to the higher linear absorption coefficient for this fibre due to its increased Ge content (the presence of boron does not increase the UV absorption [25] ), mentioned in table 1 above. As a result, the irradiation intensity quickly diminishes as the laser pulse propagates inside the fibre core and the linear absorption mechanism becomes dominant. The same conclusion is probably valid for other fibres with an increased Ge-content. 264 nm (267 nm) excitation of the H 2 -loaded SMF-28 fibre, the core material (3 mol% Ge-doped SiO 2 ) simultaneously absorbs two UV quanta, acquiring a total energy of 9.4 eV (9.3 eV). Figure 18 demonstrates the transmission loss spectra for fibre Bragg gratings fabricated in hydrogenated SMF-28 fibre with a high value of the excitation energy using the scanning (a) and the static (b) phase-mask approaches (see section 1.4.2).
Properties of fibre Bragg gratings recorded by highintensity femtosecond 264 nm (267 nm) pulses in standard telecom and silica-core fibres. As a result of the two-photon
One can see the excellent quality of the inscribed FBGs in both cases which is determined by the high spatial uniformity of the femtosecond pulses originating from solid-state master generators based on Nd:glass [60] and Ti:sapphire [151] . It should be emphasized that two-photon losses in the phasemask substrate seriously limit the irradiation intensity entering the fibre. Therefore, in [60] a specially designed phase mask made from a 1 mm thick fused silica substrate was used.
Further progress of the two-photon UV approach will probably be connected with the transfer to other highly-UV-transparent phase-mask substrate material, i.e. calcium fluoride.
The results on the thermostability of FBGs recorded in H 2 -free and H 2 -loaded SMF-28 fibres by high-intensity 267 nm fs light pulses are given in figure 19 . These data coincide well with those presented in figure 12 , thus proving Figure 19 . The normalized refractive index modulation, n mod , as a function of the annealing temperature for FBGs recorded in H 2 -free and H 2 -loaded SMF-28 fibres by high-intensity 267 nm femtosecond pulses [151] .
the inscription of type I FBGs with the two-photon UV inscription approach.
The results on refractive index modulation values obtained by two-photon UV high-excitation-energy FBG fabrication in SMF-28 (both H 2 -free and H 2 -loaded), H 2 -free photosensitive PS 1250/1500 and pure silica-core fibres are gathered together in table 28. The comparison made with the other highexcitation-energy FBG inscription method, namely, two-step 193 nm irradiation (table 27), shows that for the H 2 -free SMF-28 the two-photon 267 nm (264 nm) approach is more or less equal in efficiency to the 193 nm method, while for the H 2 -loaded SMF-28 it is slightly worse than the 193 nm method. Concerning the comparison with the data for the single-quantum 248 nm approach (table 10), it follows that for both H 2 -free and H 2 -loaded SMF-28 the two-photon UV FBG fabrication is a much more advantageous technique.
The maximum FBG strength achieved in H 2 -loaded SMF-28 fibre was more than 45 dB at a total irradiation fluence of 1.22 kJ cm −2 and a grating length of 3 mm [60] . Regarding the data on two-photon 264 nm recording of Bragg gratings in a photosensitive H 2 -free PS 1250/1500 fibre [60] , they coincide well with those obtained by conventional KrF FBG fabrication [80] (see table 11 ). This is not surprising as the inscription process in both cases proceeds via a singlequantum mechanism (cf figure 17) .
Concerning the results on 267 nm FBG recording in a silica-core fibre, they can be compared with those obtained at 193 nm [153] . In this work, the refractive index modulation value of 4.5 × 10 −4 was reached in a D 2 -loaded silica-core fibre with an irradiation fluence of 33.6 kJ cm −2 and an irradiation intensity of 4 × 10 7 W cm −2
. The authors claim a two-photon mechanism for the observed photosensitivity, though it seems doubtful. Indeed, if we calculate the fraction of the absorbed fluence using the two-photon absorption coefficient of fused silica β 193 = 3 × 10 −10 cm W −1 [141] , the silica core diameter value of 8.4 µm [153] and the expression (15) in the limit α → 0, we will obtain E abs /E inc = 10 −5
, whereas at 267 nm femtosecond FBG inscription the same parameter is equal to 2.3 × 10 −3 (we used the same value of the silica core diameter, 8.4 µm, and the β 264 value from table 5, for the estimations). As a result, the 373-fold difference in the absorbed fluence between the irradiation conditions in [151, 153] does not correspond to the 2-fold difference in the refractive index modulation. Most probably, the initial absorption in [153] is indeed caused by the TPA mechanism, but it very quickly gives rise to the creation of 193 nm absorbing photoproducts, which also participate in the observed photosensitivity. Clearly, further experiments are necessary for better understanding.
Temperature sensitivity of FBGs inscribed by highintensity 264 nm femtosecond radiation.
In [60] the temperature sensitivity of Bragg gratings fabricated by 264 nm 220 fs pulses was investigated. Figure 20 demonstrates the shift of the resonance wavelength with the rise in temperature for a FBG recorded in hydrogenated SMF-28 fibre. Though a slightly nonlinear dependence was obtained, for a small temperature range a linear approximation also gives a reasonably good fit. Table 29 contains the temperature sensitivity values obtained for different fibres. The comparison with the data presented in table 16 for FBGs prepared by 244 nm (or 248 nm) irradiation shows good agreement between the low-intensity and high-intensity inscription techniques.
This indicates that the FBG thermal sensitivity value is determined by the material parameters of the fibre used for inscription, in accordance with the theoretical consideration given in [9] .
A few words about the advantages and disadvantages of the TPA-based FBG inscription technique. The main advantage is that it is not related to a specific absorption band, e.g. that of the Ge-dopant, and therefore could be used for fibres of any content, including those with a pure silica core and holey fibres. Due to the high value of the total excitation energy (9.3-9.4 eV), this method is quite effective, like any other high-excitation energy approach (i.e. two-step 193 nm excitation). Because of the high spatial uniformity of the UV pulses originating from solid-state laser generators, this technique brings about FBGs of excellent quality. As a disadvantage, we can point out the medium thermostability, which is associated with type I gratings forming under femtosecond UV irradiation.
LPFG inscription in standard telecom fibres by two-photon 264 nm (211 nm) or three-photon 352 nm excitation
TPA mechanism of LPFG fabrication by high-intensity 264 nm (211 nm) femtosecond pulses.
The detailed study of long-period grating inscription in a standard telecom fibre by high-intensity (100-500 GW cm −2 ) UV light was performed in [30, 139] . In order to estimate the relative amounts of light energy absorbed in the fibre cladding and core, a top-hat shape for the laser pulse in space and in time was assumed and the SMF-28 fibre was approximated by a simple three-layer structure, consisting of (1) upper cladding layer; (2) middle layer, which contains inner cladding, core and outer cladding; (3) lower cladding layer (for details, see [30] ). It was also assumed that all of the profile of the fibre is covered by UV light. Using elementary equations (14) and (15), typical irradiation intensities used in [30, 139] and corresponding values for the linear and two-photon absorption coefficients for both the cladding and the core (see table 5), one can calculate the ratio of the fluence absorbed by the TPA mechanism to the total absorbed fluence. In the case of 264 nm inscription and an irradiation intensity of 470 GW cm −2 , this ratio is equal to 99.4%; in the case of the 211 nm approach and an irradiation intensity of 125 GW cm −2 , it is even higher, 99.9%. Therefore, these simple estimates confirm energy absorption by the TPA mechanism in SMF-28 fibre at high-intensity UV femtosecond exposure.
4.3.2.
Three-photon absorption mechanism of LPFG inscription by high-intensity 352 nm femtosecond pulses. In [34, 142] the near-UV (352 nm) high-intensity (∼1000 GW cm −2 ) LPFG inscription approach was proposed and investigated. Figure 21 presents a photograph of the recorded LPFG, on which regular damage in the cladding area near to the incident surface of an irradiated SMF-28 fibre was found [142] . From this observation, two main conclusions follow: (1) the absorbed energy is distributed very nonuniformly inside the fibre, similar to that in the experiments on LPFG fabrication by non-photochemical methods described in section 2.4; (2) as the band-gap energy value for 3 mol% Ge-doped fused silica is more than 7.1 eV (table 8) , and one photon of 352 nm radiation is equal to 3.53 eV, the excitation energy of two quanta (7.05 eV) is insufficient for the excitation of either the cladding or the core. So these experimental data unambiguously suggested a three-photon absorption (3PA) mechanism for high-intensity LPFG inscription.
4.3.3.
Long-period gratings recorded by high-intensity femtosecond 264 nm, 211 nm and 352 nm pulses in a standard telecom fibre. As a result of the two-photon (264 nm or 211 nm) or three-photon (352 nm) excitation of the H 2 -loaded SMF-28 fibre, the core material (3 mol% Ge-doped SiO 2 ) acquires a total energy of 9.4 eV, 11.8 eV or 10.6 eV, respectively ( figure 22) . Figures 23(a) -(c) demonstrate typical transmission spectra for long-period gratings fabricated in hydrogenated SMF-28 fibre. The high quality of the inscribed LPFGs is obvious (cf with spectra for LPFGs recorded by low-intensity UV light [123, 154] ). As in the case of TPA-induced FBG inscription (see section 4.2), this is determined by the high spatial uniformity of the UV femtosecond pulses, originating from the Nd:glass solid-state master generator [60] . Table 30 gathers the experimental data related to the three spectra In contrast, such a high grating strength value is characteristic of LPFGs inscribed in the same fibre by any of the nonphotochemical techniques (table 19) , which are characterized by preferential energy deposition in the fibre cladding.
Using the three-layer model structure for SMF-28 fibre proposed in [30] and assuming a top-hat shape for the laser pulse in space and in time, we can estimate the fractions of incident fluence absorbed in the fibre cladding and the core for the three different high-intensity LPFG recording methods, as well as those for low-intensity 248, 157 and 193 nm inscription techniques. From table 30 it follows that the fraction of fluence absorbed in the cladding is minimal for the low-intensity 248 nm inscription technique, and maximal Table 30 . Comparison between the experimental data of inscription parameters at the maximum of the transmission loss (κL = π /2) and corresponding grating parameters for LPFG recorded in H 2 -loaded Corning SMF-28 fibre by different techniques. In all cases, the LPFG period was 300 µm and the LPFG length was 2 cm. The last column gives the calculated value of the fraction of fluence absorbed by fibre cladding with respect to total absorbed fluence [30, 34] . for the high-intensity three-photon 352 nm recording method. What is even more remarkable (and not yet understandable), the increase in the relative amount of fluence absorbed in the cladding corresponds very well with the rise of the grating strength from 17 to 30 dB.
4.3.4.
Thermal recovery of LPFG resonance peak. According to the simplified theory of LPFG inscription (section 1.4.3), with UV irradiation one should first observe the rise of the LPFG resonance peak (increase of transmission loss) and then the decline of the resonance peak (decrease of transmission loss) after the coupling factor κL passed through the π/2 value (cf figure 14) . But if after the grating recording one gradually decreased the value of κL by any means (i.e. by thermal treatment), the resonance peak will pass back through the maximum value (such an effect is called thermal recovery [139] ). Figure 24(a) demonstrates the evolution of the LPFG peak with high-intensity 264 nm irradiation in H 2 -loaded SMF-28 fibre up to the maximum of transmission loss and further, observing the decline of the transmission loss peak after passing the maximum (cf equations (11) and (12)). Figure 24(b) demonstrates the thermal recovery of the LPFG peak due to the decay of the induced refractive index and the corresponding decrease of the κL factor. In figures 24(a) and (b), it follows that the thermal recovery is accompanied by a reverse shift of the resonance peak wavelength. It should be emphasized that the experimentally observed thermal sensitivity of the LPFG resonance peak amplitude dP 0 /dT is negative for κL > π/2 and positive for κL < π/2 in full agreement with the theoretical predictions given in [61] . Figure 25 demonstrates the corresponding dependences for the transmission loss of a LPFG peak on temperature for two gratings recorded in H 2 -free PS 1250/1500 fibre by high-intensity 211 nm irradiation with different coupling factors: κL < π/2 and π/2 < κL < π. The absence of any recovery during the thermal erasing of the induced refractive index in the case of LPFG with κL < π/2 confirms the interpretation of this effect, given in [30, 139] high-intensity femtosecond 264, 211 and 352 nm pulses was studied in [30, 34, 139] . Figures 26(a) and (b) demonstrate the experimental dependences of the resonance peak wavelength versus temperature for H 2 -loaded SMF-28 and H 2 -free PS 1250/1500 fibres and different UV high-intensity LPFG recording techniques. The similarity between the slopes of the dependences for each kind of fibre is not surprising as the temperature sensitivity is determined by the material parameters of the fibre used for inscription and not by the parameters of laser radiation used for grating recording [61] . Table 31 LPFG inscription techniques. Again, the comparison with literature data presented above (tables 16 and 17) reveals fairly good correlation for the same types of fibre and same LPFG parameters independent of the fabrication technique used.
Polarization-dependent losses in LPFGs prepared by high-intensity 352 nm femtosecond pulses.
The polarizationdependent losses in LPFGs prepared by high-intensity 352 nm femtosecond pulses were studied in [155] . Figure 27 displays the PDL evolution with wavelength, which is obtained from the difference of the two spectra associated with the minimum and maximum of the transmitted power. The PDL graph reveals the H 2 -loaded Nufern GF1 264 −0.067 [139] peak-trough-peak shape, well known from the literature. It is interesting to mention that in our case the two peaks of the PDL graph are not equal. Such an asymmetric structure of the PDL graph is similar to that of an LPFG recorded by any of the nonphotochemical methods of LPFG fabrication with asymmetric energy deposition in relation to the fibre core (CO 2 laser [121] , mechanical pressure [101] , electric arc [122] ) and is different from those PDL graphs obtained for long-period gratings that were inscribed by 248 nm light (symmetric energy deposition [119, 120] ). The high PDL value in figure 27 (3.1 dB) results from a strong azimuthally asymmetric refractive index change, which is due to a single side exposure and energy deposition in the fibre cladding. The comparison with LPFGs prepared by other inscription techniques (table 23) shows that the gratings prepared by the 352 nm three-photon approach possess much higher polarization properties than LPFGs recorded by a 'oneside' exposure using a conventional 248 nm approach or CO 2 laser irradiation. However, 352 nm prepared gratings rank below the LPFGs made by mechanical pressure or by electric arc with 'two-side' exposure. [156] . The double-logarithmic plot of the refractive index modulation versus the irradiation intensity ( figure 28(a) ) reveals a slope ∼5, which corresponds to a very sensitive dependence, proportional to the fifth order of intensity. The corresponding excitation scheme ( figure 28(b) ) includes five-photon absorption (5PA) with a total energy of 7.8 eV (table 9) . This allows us to estimate the band-gap energy value for 3 mol% Ge-doped fused silica that should be higher than 7.1 eV (table 8) but lower than 7.8 eV.
Multi-photon inscription of FBGs and
Types I and II FBGs inscribed by high-intensity 800 nm pulses.
In the same work [156] , the existence of two different intensity thresholds for FBG inscription in H 2 -free SMF-28 fibre was observed. Below an IR pulse energy of 0.5 mJ (an estimated irradiation intensity of 18 000 GW cm −2 , see below about the accuracy of the intensity values), it is impossible to realize a 5PA process. In the energy range of 0.5-1.3 mJ (intensity range of 18 000-46 000 GW cm −2 ), the formation of type I gratings was noted, whereas at pulse energies above 1.3 mJ (intensities above 46 000 GW cm , which is about six times higher than the corresponding threshold value (0.9 J cm −2 [71] , see section 2.2) for the single-quantum 248 nm induced type II gratings in highly-absorbing 15 mol% Ge-doped fibre. I would like to point out the fair agreement between these data, as here the incident energies values are compared and not the absorbed ones. The annealing curves for type I and II FBGs inscribed by the multi-photon 800 nm approach are given in figure 29 .
It should be noted that the annealing curve for a type I FBG fabricated in H 2 -free SMF-28 by multi-photon 800 nm excitation (figure 29) coincides very well with similar curves for FBGs inscribed in the same fibre by two-step 193 excitation (figure 12) or by two-photon 267 nm excitation ( figure 19 ). For hydrogenated SMF-28 fibres, the similarity in the annealing curves for type I FBGs induced by 244 nm and 800 nm was Figure 29 . The annealing curves for types I and II FBGs, induced by high-intensity 800 nm 125 fs pulses in H 2 -free SMF-28 fibre [156] . Grating temperatures were raised in 100
• C increments, the FBGs were kept for 1 h at each temperature. Figure 30 . The transmission spectra of type II Bragg grating written in a standard non-hydrogenated telecom fibre using a second-order phase-mask with a pitch of 2.142 µm and high-intensity 800 nm 125 fs pulses: (a) before the annealing [158] ; (b) after 150 h of annealing at 1000
• C and additional 100 h at 1050
demonstrated in [157] . From consideration of figure 29 , it follows that while type I gratings created by the multi-photon IR approach were almost erased at a temperature of 1000 • C, the type II gratings revealed a remarkable thermal stability. Figures 30(a) and (b) demonstrate the transmission spectra of type II FBGs before and after long-term annealing [158, 159] .
It should be emphasized that the exact excitation mechanism for type II gratings formed during high-intensity IR excitation is still unknown.
Uncertainty of irradiation parameters in multi-photon 800 nm FBG recording.
Tight focusing of an IR beam (plus the complex nature of the multiple beam interference field generated behind the phase mask, see below) brings about a large uncertainty in the focal spot size. An example is the experiment on the 800 nm inscription of type II FBG in H 2 -free SMF-28 (where 22 000 laser pulses of 120 fs duration were used to inscribe a grating with a transmission loss of 44.5 dB) that was described in [143] as employing an intensity of 12 000 GW cm −2 and fluence of 31.7 kJ cm
, while in [158] the same experiment was characterized as using an intensity of 2900 GW cm −2 and fluence of 7.7 kJ cm −2 (table 32) . Therefore, the intensity threshold values for types I and II FBG formation at 800 nm multi-photon inscription technique given above are only the approximate ones. If we use these intensity threshold values for types I and II Bragg grating formation in H 2 -free SMF-28 (18 000 and 46 000 GW cm −2 ) R21 Figure 31 . The transmission loss spectrum of a Bragg grating inscribed by 800 nm 125 fs pulses with an incident intensity of 42 500 GW cm −2 in H 2 -free SMF-28 fibre [156] . A phase mask with a third-order pitch PM = 3.213 µm was used and the distance between the phase mask and the fibre was 3 mm. 
Generation of pure two-beam interference picture in the fibre at multi-photon IR FBG inscription.
A closer look at figure 30 reveals the presence of a so-called cladding mode peak (blue-shifted from the main peak) of about 10 dB in strength, which originates from the multiple-beam interference picture produced by the femtosecond light pulses tightly focused onto the fibre through the phase mask. The thorough studies of this effect [160] [161] [162] allowed the suppression of the cladding-mode formation by using a phase mask with a third-order pitch PM = 3.213 µm [162] (or with a fourth-order pitch PM = 4.284 µm [161] ) and placing the fibre behind the phase mask at a distance of 3 mm (or 5 mm), respectively. The resulting elimination of the multiple-beam interference picture is due to the walk-off (group velocity delay) for femtosecond pulses diffracted in different orders of the phase mask. Figure 31 shows a type I FBG with the suppressed cladding mode recorded using a 3.213 µm pitch phase mask and IR femtosecond pulses with an incident intensity of 42 500 GW cm −2 [156] . Concluding, we will consider briefly the advantages and disadvantages of multi-photon IR FBG recording techniques. The main advantage is the possibility of getting the ultimate thermostability (up to 1500
• C) of FBGs, which could be recorded in standard telecom fibres [156] , in silica core fibres [158] and even in sapphire fibres [163] . However, the generation of type II gratings is accompanied by a strong cladding-mode absorption [143] . The elimination of the cladding-mode losses requires a careful mutual positioning of the phase mask and the fibre under irradiation as well as the choice of a special phase mask with a high-order pitch [161, 162] . Due to the high nonlinearity of the inscription process at multi-photon 800 nm excitation, the irradiation parameters could only be defined approximately. Therefore, it is probably rather difficult to exactly reproduce the optimal conditions for multi-photon IR FBG fabrication, as well as compare this technique with the UV two-photon approach discussed above (section 4.2).
LPFG inscription using multi-photon 800 nm approach.
In [135] , LPFG recording in H 2 -free SMF-28 and H 2 -free silica-core fibres by high-intensity 800 nm 160 fs pulses was demonstrated (table 33) . Comparison with data for 157 nm LPFG inscription in non-hydrogenated SMF-28 (table 26) shows that inscription by high-intensity 800 nm femtosecond pulses requires 10 000 times more fluence.
The obtained transmission loss spectrum in H 2 -free SMF-28 fibre is depicted in figure 32 . It should be noted that this technique is very sensitive to misalignment. Therefore, the IR beam should be carefully focused into the fibre core, for this Figure 33 . Axial stress profiles parallel (a) and perpendicular (b) to the incident femtosecond laser pulse train [136] . The LPFG was recorded by 800 nm pulses with an incident intensity of 10 000 GW cm −2 and a total accumulated fluence of 27 000 kJ cm −2 [135] .
reason during the alignment the luminescence signal from the irradiated core was maximized [135] . Figure 33 demonstrates the two-dimensional residual stress profile of the H 2 -free SMF-28 fibre after high-intensity 800 nm irradiation [136] . The X-axis is the axis parallel to the incident laser beam, and the Y-axis is the axis perpendicular to the incident laser beam. The maximum stress change in the core was found to be about 6.2 kg mm −2
. The careful consideration of the 800 nm light distribution in focal area shows that the modifications in the core stress are strongly correlated with the overlap region of the high-intensity light distribution with Ge-doping inside the fibre. The peak change in the refractive index of the core was estimated to be 4 × 10 . From the above-said, the two main drawbacks of multiphoton IR LPFG inscription technique are obvious: high sensitivity to misalignment between the fibre core centre and the focal area of the 800 nm inscribing beam, and very high fluence values necessary for LPFG fabrication.
Latest developments in multi-photon fibre grating inscription
4.5.1. Point-by-point FBG fabrication by tightly-focused IR femtosecond pulses. In [145, 146] , using a tightly-focused femtosecond IR beam directed into the fibre core, one of the most remarkable breakthroughs in multi-photon FBG inscription was attained. This novel technique does not require a phase mask, instead the irradiated fibre moves step-by-step in the focal plane of the beam between two adjacent light pulses with each step length being a multiple of 0.535 µm; i.e. with a step length of 0.53 µm a first-order Bragg grating with a resonance wavelength of 1.55 µm is fabricated, with a Figure 34 . Reflection spectrum of a second-order FBG recorded point-by-point in a hydrogen-free telecom fibre by 125 fs 800 nm 0.5 µJ pulses [145, 164] . The length of the inscribed FBG was about 3 cm. Figure 35 . Transmission loss spectrum of a 4 mm long second-order Bragg grating fabricated point-by-point through the protective polymer coating in the core of a standard hydrogen-free single-mode telecom fibre by tightly-focused 125 fs 800 nm 0.5 µJ pulses [147] .
step length of 1.07 µm a second-order FBG is inscribed, with a step length of 1.605 µm a third-order grating is recorded, etc. Each laser pulse produces one grating pitch in the fibre core. Figure 34 demonstrates the resulting spectrum of a second-order Bragg grating formed by a tightly-focused (using a microobjective with a ×100 magnification) femtosecond IR beam [145, 164] .
In [164] , the thermostability of point-by-point multiphoton IR inscribed Bragg gratings was investigated. In a series of annealing experiments, it was shown that such FBGs do not reveal any signs of rapid decay up to a temperature of 1000
• C. That means the formation of type II gratings similar to those in the multi-photon IR inscription experiments using femtosecond 800 nm radiation and a phase mask (section 4.4). Indeed, in [145, 164] , the pulse fluence value was about 15 J cm −2 , which is higher than the threshold value for type II grating formation of 5.8 J cm −2 measured in [156] .
One of the main advantages of the point-by-point multiphoton IR approach is the possibility of the fabrication of non-uniform or 'chirped' Bragg gratings (with a changing period along the fibre length) which have found wide application in fibre optics as dispersion-correcting and compensating devices [9] . Another useful application is as a direction-sensitive bending sensor, which was experimentally demonstrated recently [165] by the inscription of a Bragg grating in a fibre core asymmetric to the fibre axis (so-called axially-offset FBG). Finally, point-by-point FBG recording through the fibre polymer jacket (figure 35) should be mentioned [147] . [148]
Note. The core diameter values of the holey fibres used in [162] and [148] were 12 µm and 4.9 µm, respectively. Figure 36 . Transmission spectrum of a FBG inscribed in H 2 -loaded holey fibre by 150 fs 267 nm pulses with an incident intensity of 250 GW cm −2 and a total incident fluence of 70 kJ cm −2 . The spectrum was recorded several days after the laser exposure, after the out-diffusion of hydrogen [148] . 
Two-photon FBG inscription in holey fibres.
The appearance of the two-photon UV inscription method made possible the fabrication of Bragg gratings in photonic crystal fibres. In the pioneering work [166] , an FBG was inscribed in an inert or nitrogen atmosphere by nanosecond 193 nm pulses, while in a later study [148] , hydrogenated fibre and femtosecond 267 nm irradiation were used. Table 34 contains the results of both investigations.
Concerning the total incident accumulated fluence, the results of both studies are consistent. However, if we estimate the fraction of the absorbed fluence according to the technique used above when discussing FBG inscription in hydrogenated silica-core fibre by 10 ns 193 nm and 150 fs 267 nm pulses (section 4.2, table 28), we see that the value of the absorbed fluence in the second case (267 nm) is 250 times higher than in the first case (193 nm). Therefore, as was already mentioned above, while discussing FBG inscription in a silicacore fibre, in [166] only the initial absorption is caused by a TPA mechanism, but this very quickly gives rise to the appearance of 193 nm absorbing photoproducts which participate in the photosensitivity of the holey fibre, probably via single-quantum photoprocesses. The saturation of the 193 nm FBG inscription curve at fluences above 140 kJ cm −2 testifies in favour of this suggestion (cf figure 16) . Figure 36 depicts the transmission spectrum of a Bragg grating recorded by femtosecond 267 nm light pulses. Interestingly, the annealing curve for this grating (figure 37) differs strongly from the annealing curves of FBGs inscribed in hydrogenated SMF-28 by 193 nm (figure 12) and 267 nm (figure 19) laser pulses.
Summary
The application of high-intensity femtosecond pulses with wavelengths lying in the UV, near-UV and IR spectral ranges to fibre Bragg and long-period grating inscription brings about the realization of two-, three-and five-photon absorption mechanisms with total excitation energy up to 11.8 eV. This innovation allows the fabrication of LPFGs and FBGs in cases where there is no absorption at the irradiation wavelength, e.g. in silica-core and photonic crystal fibres. The use of femtosecond pulses with a high repetition rate (∼1 kHz) creates gratings with extraordinary thermostability properties (up to 1000
• C). The tight focusing of femtosecond pulses into the fibre core makes it possible to create FBGs pointby-point without the use of the traditional phase mask. The period of such FBGs could vary along the grating length, this leads to the recording of chirped fibre Bragg gratings. Other applications of the point-by-point multiphoton grating inscription approach include vector bending sensors and grating fabrication without removal of external polymer coating.
In this review, a thorough discussion of the nonlinear mechanisms of multi-photon high-excitation-energy grating inscription has been given. The comparison with a traditional single-quantum low-excitation-energy approach, as well as with conventional high-excitation-energy methods, based on single-quantum VUV or two-step nanosecond excitation, has been made.
